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Abstract

The flow field induced by an internally-propelled vehicle
traveling through a tube at a supersonic speed is simulated experimentally
by the flow field induced by a detonation. The results indicate that as
the vehicle continues to travel at a constant velocity, the effects of
friction and heat transfer cause a region of flow to develop which is steady
in the frame of reference of the vehicle. This steady-flow region starts
directly behind the vehicle and gradually grows to fill the entire flow

field as time progresses.
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1. Introduction

When analyzing the flow field induced by an internally propelled
vehicle traveling at a constant velocity in a tube of infinite length, it
would seem logical to treat the flow as steady in the frame of reference of
the vehicle. Yet when the vehicle first attains this velocity the flow
field may be nonsteady in all frames of reference. Also, attempts to treat
the flow as steadyl’2 have met with unexpected difficulties. Therefore a
study3’4 was conducted to determine whether steady-flow actually develops
in the wvehicle-fixed coordinate system.

In Reference 3 it is shown that for a supersonic vehicle friction
and heat transfer cause a steady-flow region to develop gradually from the
vehicle rearward, whereas for a subsonic vehicle, as presented in Reference
4, the flow approaches steadiness asymptotically over the entire field. 1In
both of these theoretical analyses a plane flame is used to generate a flow
field simulating that induced by an internally propelled vehicle. The pur-
’pose of this simulation is to magnify all of the transport rates and dis-
sipative effects that are to be calculated.

In the present paper the flow field induced by a supersonic vehicle
is simulated experimentally by that induced by a detonation. The experimen-
tal advantages of this simulation are twofold. First it is much easier to
produce a constant velocity detonation under laboratory conditions than it
is to generate and maintain the required steady supersonic vehicular motion.
Secondly, since the dissipative effects are magnified, any trend towards
steady flow in the flame-fixed coordinate system should develop much faster

and be much easier to detect.

The results of this experimental investigation are compared with

the theoretical predictions of Reference 3.
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2.Experimental Apparatus

The experimental apparatus is shown schematically on Figure 1.

A 190 ft. length of copper tubing (I.D. 0.527", 0.D. 0.625")
is sealed at one end by a thin Saran diaphragm. A second diaphragm is
placed 75 ft. from the open end. The section of tubing between these two
diaphragms is evacuated and then filled with a detonable mixture of hydro-
gen and air. These gases are well mixed and of uniform concentration
throughout the tube. The procedure used to fill the tube and to determine
the initial concentrations is described in Appendix 1.

Upon ignition at a point near the center diaphragm a detonation
forms and propagates through the mixture, while a retonation shock bursts
the center diaphragm and continues to travel through the air towards the
open end of the tube. The distance to the open end is made long enough so
that reflected waves do not interfere with the flow field during the test-
ing time.

Both the average detonation velocity and the timewise pressure
variation resulting after the passage of the detonation are measured at
six locations (10 ft. apart) along the tube walls. 1If the timewise pres-
sure variation is the same at all positions and if the detonation velocity
is constant, then the flow is steady in a detonation-fixed coordinate
system. Conversely, if the flow is nonsteady, the pressure history varies
with position.

Pressure measurements are made with Kistler 603 quartz piezo-
electric transducers, whose voltage output is amplified and fed into the
vertical deflection system of a Tektronix 535A oscilloscope. The resulting
traces are photographed. The pressure is measured at two of the six trans-

ducer positions simultaneously. At the four remaining locations the time
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of arrival of the detonation is determined by means of piezoelectric
ceramics, whose voltage output is used to triggef fast risetime pulse
generators. These pulses are fed onto a single trace of the oscilloscope.
Knowing the sweep rate of the oscilloscope and the distance between the
transducers, the average detonation velocity can be calculated.
Photographs of the detonation tube, filling apparatus, instru-
mentation, and ignition system can be found on Plates 1 and 2. Photo-
graphs of the transducers are presented on Plates 3 and 4, while detailed

information about the instrumentation system can be found in Appendix 2.



3. Experimental Results

The experimental results for a detonation propagating into a
mixture of 30% hydrogen and 70% air (2.04 Ho + 0y + 3.76 N2) at 70O and
atmospheric pressure, are presented on Plates 5 - 7.

The cscilloscope sweep is triggered when the detonation reaches
transducer position 1. Plate 5 shows the pressure history aiter the
passage of the detonation at positions 1 and 6, 50 and 100 ft. from igni-
tion respectively. Plate 6 is the pressure history at positions 2 and &,
60 and 80 ft. from ignition, while Plate 7 shows the pressure history at
positions 3 and 5, 70 and 90 ft. from ignition. On each of the oscillo-
grams a trace showing the pulses produced when the detonation arrives at
the remaining transducer locations is also shown. A small arrow in the
right hand margin of the oscillogram indicates the zero pressure level in
cases where it is not immediately apparent on the traces.

The detonation velocity in the test region is constant to within
+ 60 ft/sec at 6210 ft/sec. This is within the accuracy of the velocity
measuring system as described in Appendix Z2B.

As the detonation passes the pressure transducers, the sudden
impact causes ringing of the quartz crystals. This is especially apparent
at positions 3 and 5. The crystal vibration was found to be dependent upon

both the mounting of the transducer and the support of the detonation tube
at the transducer location. As the crystal vibrations damp out it can be
observed that the resulting pressure history is the same at all locations
for approximately 5 msec. after the passage of the detonation. Therefore

in this region the flow field is steady in a detonation-fixed coordinate

system.
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On each of the pressure traces there are small variations which
perturbate the smooth pressure decay. Similar to the crystal vibrations,
these perturbations were found to be dependent upon the local nonuniformi-
ties in the mounting and support of the detonation tube. However these
variations do not alter the overall pressure history (except in their
immediate vicinity) and therefore can be ignored.

On Plate 5 the pressure jump at position 6 after about 8 msec.
is due to the shock reflected from the end diaphragm. Therefore the pres-
sure history at this location should be compared to the others only up to
the arrival of this shock.

The ringing of the crystals immediately after the passage of
the detonation was observed in more detail on faster oscilloscope sweeps.
The detailed structure of the vibration is shown for position 2 on Plates
8 and 9. At a sweep rate of 10‘7sec/cm (Plate 9c¢) a large initial over-
shoot in crystal output can be observed. This overshoot is followed by an
undershoot which actually goes below the zero pressure level. After this
however the crystal does damp down to a more regular vibration pattern.
The centerline of this vibration is shown as a dotted curve on Figure 2.
Figure 2a corresponds to Plate 8c while Figure 2b corresponds to Plate 9b.
The upper and lower curves on these figures are the locus of vibration
maxima and minima respectively. It can be seen that the centerline can be
extrapolated back to an initial pressure level of approximately 195 psi.
This is of the same magnitude as the pressure predicted by the Chapman- 5
Jouguet theory (for a mixture 2H, + Op + 3Ny the C-J pressure is 197 psi).

A comparison between the experimental results and the theoreti-
cal predictions for the detonation studied in the previous analyis is

shown on Plates 10 - 13. Part (a) of these plates shows the pressure
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history at various locations as predicted by the analysis for inviscid
adiabatic flow. (See Appendix 3a). 1In this instance the flow field is
nonsteady in a detonation-fixed coordinate system. This is apparent by
the difference in pressure at various locations at corresponding times
after the passage of the detonation (Table 1).

Part (b) of these plates shows the pressure history predicted
when friction and heat transfer are accounted for. (See Appendix 3B). In
this case the flow field is steady and the pressure histories are identi-
cal. Also the initial pressure gradient immediately behind the detonation
is found to be very much greater when friction and heat transfer are
accounted for.

Part (c) shows the experimental results. As has been previous-
ly noted the flow field is steady in a detonation-fixed coordinate system.

The experimental pressure variation is qualitatively similar to
that given by the theoretical analysis including friction and heat trans-
fer as the rate of pressure variation immediately after the detonation
passes is initially very steep but then levels off as time progresses.
However the actual pressure does decrease faster than as predicted by the
theoretical analysis. For example the rate of pressure change .2 msec.
after the detonation passes is approximately 115 psi/msec., while the
analysis predicts a rate of 98.5 psi/msec. Also 3 msec. after the detona-

tion has passed the pressure has dropped to 40 psi while the theoretical

*
pressure is 65 psi.

¥ In making quantitative comparisons it should be remembered that
the theoretical analysis and experimentation were performed for slightly
different mixtures. The detonation velocities differ by about 2% while

the peak pressures differ by about 9%.



Figure 3 shows the pressure at various transducer locations
plotted as a function of distance from the detonation front (Appendix 3B).
From this figure it can be seen that there is a growing region where the
flow is steady in a detonation-fixed coordinate system. The theoretical
steady flow pressure distribution in a reference frame moving with the
detonation is also shown in this figure.

The experimental results indicate that dissipative effects in
the flow field induced by a detonation are actually greater than those
assumed in the analysis. At any point a fixed distance from the detona-
tion front, the observed pressure slope is generally steeper than theore-
tically predicted and the corresponding pressure level is therefore lower.

In the analysis the friction factor C; is assumed constant
throughout the entire wake region and the heat transfer coefficient is
related to the friction factor using the Reynolds' analogy. Actually,
the friction factor varies inversely with the Reynolds number and, as the
flow velocity decreases, Cg increases. Also, since the Reynolds analogy
is only valid for turbulent flow it does not properly account for heat
transfer in low Reynolds number regions. Condensation of water vapor in
the products of combustion also alters the heat transfer rate and causes
a decrease in observed pressure.

Differences between theoretical and experimental results in the
immediate vicinity of the detonation are probably due to neglection of
real gas effects in this region. Also it should be noted that the experi-
mental results immediately behind the detonation are somewhat obscured by
transducer vibrations.

Although the results of the theoretical analysis do not agree

quantitatively with the experimental observations, they do provide a valid
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qualitative description of the pressure history (an initially very steep
pressure slope and subsequent leveling off as time progresses). More
important however, is the fact that the simplified theoretical model
accurately predicts the development of a region of steady flow in the
detonation-fixed coordinate system,

Plate 14 presents the pressure history at varinus locations
along the tube for a rich mixture of 407% Hy, and 60% Air. As before the
pressure histories are the same for a growing region behind the detona-

tion, and in this region the flow field is steady.
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4. Conclusions

Since the flow field induced by a detonation is qualitatively
similar to that induced by a supersonic internally propelled vehicle, the
results of this experimental study apply qualitatively to both situatiomns.
Therefore, when a vehicle travels at a constant velocity in a tube of
great length, friction and heat transfer cause a growing region of steady
flow to develop in the vehig¢le-fixed coordinate system. The experimental-
ly observed development of steady flow is correctly predicted by the
previous theoretical analysis although the latter underestimates the

magnitude of the dissipative effects.
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5. APPENDICES

Appendix 1. Filling Procedure and Determination of Initial Concentrations

In order to provide thorough mixing of the detonable gases the
tube is filled simultaneously at the same location with hydrogen and air.

The molar flow rates of the two gases are maintained constant
during filling, thereby insuring a uniform mixture throughout the tube.
This is accomplished by using critical flow needle valves in the filling
lines upstream of the gas inlets. The gas delivery pressures are kept
high enough so that sonic flow exists in the throats of the needle valves
and the resulting molar flow rates are therefore constant.

The needle valves are calibrated in the following manner. The
tube is evacuated, the hydrogen delivery pressure is set at a prescribed
value, and the hydrogen needle valve is opened to a specified throat size.
As the tube fills with hydrogen the timewise pressure variation is re-
corded. When the pressure in the tube reaches atmospheric, the flow of
hydrogen is stopped, and the filling time is noted. This procedure is
then repeated for the compressed air.

The timewise pressure variation is checked for linearity for
each gas in order to verify constant molar flow rates. The tube is then
filled simultaneously with both gases. The ratio of the number of moles
of hydrogen to the number of moles of air in the gaseous mixture (F) is
equal to the air filling time divided by the hydrogen filling time. The

percentages by volume of each of the gases are:

o/o Hzf- (_f__. x100 %, ) O/OA\'&:(-—-L—*>"‘°°°/°

\+ ¥ | +F

where

F: ,Y'\P\Z./(Y\A‘Q

10




Appendix 2. Instrumentation

A, Pressure Measuring System

The pressure history behind the detonation is measured with
Kistler 603A quartz piezoelectric transducers. These transducers are
shock mounted in brass bosses (Plate 3a) which are in turn mounted on the
tube (Plate 3b). The transducers are exposed to the flow field through a

small orifice in the tube wall.

These transducers have the following specifications °
Pressure range to 3000 psi
Resolution .5 psi
Resonant Frequency 400 KC
Risetime 147sec
Insulation resistance 1013 ohms
Flash Temperature Range to 3000°F

Nominal sensitivity

Capacitance

0.35 picocoulomb/psi

20 picofarads

The transducer output is amplified by a Kistler 504 charge

Frequency response

Input capacitor

amplifier. These amplifiers have the following specifications
Input impedance 109, 1011, 1014 ohms
Qutput voltage + 10 volts

DC to 100 KC

10 to 50,000 picofarads

An important consideration in making piezoelectric measurements

/xa

V: & ek e
C

is the decay constant of the transducer amplifier system. The response

of such a system to a step pressure p is a negative exponential
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where V is the voltage output of the system, C is the input capacitance,

G is the gain of the amplifier, and k is the crystal sensitivity. The
time decay constant tg is the product of the input capacitance and the
input resistance of the system, It is important to have a very large de-
cay constant so that the response decays very slowly as time progresses.
Since increasing the input capacitance of the system results in a decrease
in the magnitude of the voltage output, the decay constant must be kept
large by establishing a very high input resistance. For an input resis-
11 ohms and an input capacitance of 100 picofarads the time
constant is ty = 10 secs., Therefore for the time intervals considered in

- X[xa
the experiment (t max X 15 msecs), e ~ 1.0 and V& C:-fk .
(-

14 ohms

By increasing the input resistance of the amplifier to 10
the time constant becomes 10,000 seconds (the magnitude of the response is
unchanged) and static calibration of the system is possible.

The system was statically calibrated using a dead weight tester
in the following manner.

The gain of the amplifier (G) is set equal to 1/k, while the in-
put capacitor is set equal to 100 picofarads. Therefore the sensitivity
of the system is .01 volts/psi. Various pressures are applied to the trans-
ducer using the dead weight tester and the output voltages are viewed on
the oscilloscope. The resulting calibration curves are shown on Figure 4.
The transducer sensitivity of transducer #S/N1238 was determined to be
.360 picocoulombs/psi. The face of transducer #S/N1237 was slightly
damaged during mounting and the sensitivity decreased to .285 picocoulombs/
psi.

The amplifier gain was verified using standard amplitude cali-

bration voltages and the frequency response was verified up to 50 KC.
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The vertical deflection of the oscilloscope can be read to an
accuracy of + 0.0125 volts at .5 volts/cm. Therefore pressure measure-

ments made with this system are accurate to + 1.25 psi.

B. Detonation Velocity Measuring System

The arrival time of the detonation at various positions along
the tube is measured with lead-zirconate-titanate (PZT) piezoelectric
ceramic discs (1/4'" diameter, 1/10" thick, piezoelectric modulus of
2.5 volts/in). These discs are mounted in a manner similar to the pres-

psi
'sure crystals (Plate 4),

When the detonation passes, these transducers produce a voltage
output which is used to trigger a fast risetime pulse generator (risetime
determined to be less than 14 sec.) The pulses are fed into a single
trace of the oscilloscope. The risetime of the oscilloscope is approxi-
mately 25 nanosec.

The average detonation velocity between any two transducers is
determined in the following manner.

The distance between the centers of the piezoelectric discs is
measured to an accuracy of 1/16". Since the disc diameter is 1/4" the

total inaccuracy between any two transducers is 5/16". The distances be-

tween the transducers positions are:

From position 1 to position 2 ---- 9' 11-3/4" + 5/16"
From position 2 to position 3 ----10' 1/4" + 5/16"
From position 3 to position 4 ---- 9' 10-1/4" + 5/16"

o

i-i/2" + 5/16"

w1

]

1

|

[}
’—-l
(e

From position 4 to position
From position 5 to position 6 ---- 9' 11-3/4" + 5/16"

The total inaccuracy in the passage time of the detonation



between any two transducer positions is the sum of the risetimes of the
pulse generators and the oscilloscope plus the inaccuracy in reading the
oscilloscope trace. The inaccuracy in reading the oscilloscope trace is
determined to be + .025 msec at a sweep rate of 1 msec/cm. Therefore the
total inaccuracy in time measurement is + .026 msec.

The average detonation velocity is:

x|

LLD = él' - A +£-x
Ax e

>
*|

Ax is the nominal distance between any two transducers
Ak is the time between any two pulses on the oscilloscope
trace

Ex  and €  are the inaccuracy in time and distance measure-

ments respectively.

N\
Wy & (\-\-Exﬂ-\-Et/ﬁ)

AlIz|

—

For A =10 ft, €4 = + 5/16", Ex = + .25 msec and A_t = 1.60 msec.

Ky = baso (1E.019) 9/5'

Therefore the velocity measurements are accurate to approximately + 2%.

14
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Appendix 3. Theoretical Pressure Histories

A. Pressure Histories for Inviscid Adiabatic Flow

The pressure histories at the transducer positions along the
tube wall, for inviscid adiabatic flow, are obtained from the pressure
distributions in a detonation-fixed coordinate system in the following
manner,

The nondimensional detonation velocity is Uo = 4.919. For a

speed of sound in the detonable mixture of Qe = 1240 f/s, the detonation

velocity is (Ap= 6100 f/s. It is assumed that the detonation starts im-

pulsively at the center diaphragm and travels at this constant velocity
for the length of the tube.

In order to use the theoretical pressure distribution curves of
lLe must be chosen so that ¥ and.‘g are within the range plotted (ex-
cept for this consideration the value of Lo is completely arbitrary for

inviscid adiabatic flow). W, 1is chosen as 4.0 ft.
The pressure at any position x along the tube wall at time t is
determined in the following manner.

Calculate X = X/Lo , Y= Xoo/L, ,and X, =Wk O,

Then g = Xp-X )

The pressure distribution curves are entered with the calculated
value of % and ® and the pressure is recorded. This is repeated for

various values of time at each of the transducer locations and the corres-

ponding pressure histories are obtained.

B. Pressure Histories for Flow with Friction and Heat Transfer

The pressure histories for flow with friction and heat transfer

are obtained in a similar manner to those for inviscid and adiabatic flow.



The major difference is that in the present case | o cannot be chosen
arbitrarily.

All of the state variables on the right hand side of the
characteristic equations are multiplied by the factor Ce L°/ ~ -
Therefore the pressure distribution for flow with friction and heat trans-
fer depends upon the physical properties of the tube as well as the state
of the gas. 1In the theoretical analysis (¢ = C.0l, JU= 2 in., and Lo
was chosen as 5.280 ft. Therefore CL;L°/E; = .3168. 1In order to use the
theoretical pressure distribution to predict the pressure history for the
éxperimental tube ( Cg¢ =0.003, L= 1/2 in) Lo must be chosen as 2.2

ft. so that Cﬁ'Loﬁz_remains the same.

16
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TABLE 1

Pressure at various locations at corresponding times after the passage
of the deontation. (Inviscid Adiabatic Flow)

- .

Position Time after passage of detonation

1 50 ft from ignition 2 msec 137.5 psi
5 87.5

2 60 ft from ignition 2 145
5 97.5

3 70 ft from ignition 2 152.5
5 107.5

4 80 ft from ignition 2 157.5
5 115

5 90 ft from ignition 2 162.5
5 -

6 100 ft from ignition 2 167.5
5 132.5
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FIGURE 2 Centerline of pressure transducer vibration pattern at
position 2. (Upper curve is locus of vibration maxima,
lower curve is locus of vibration minima, middle curve
is centerline).

a. vertical 100 psi/cm, horizontal .l msec/cm
b. wvertical 100 psi/cm, horizontal 204{ sec/cm
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200!'
o 150
psi
100
TRANSDUCER s/n1237
sensitivity .285pc, psi
50
AMPLIFIER  5//n1903
capacitance 100 pf
gain 1/285
o ' ] I l
5 1 1.5 2
VOLTS OUTPUT
a
00
P 150
psi
100}

50

FIGURE 4

TRANSDUCER s/mn 1238
sensitivity .360 pc psi

AMPLIFIER 511904

capacitance 100 pf
gain 1/.360

|

5 1 b 15 2
VOLTS OUTPUT

Calbiration curves for pressure transducer-amplifier system
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Test section of detonation tube facing the closed end.
Transducer position 3 is visible in foreground.
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PLATE 3

Pressure Transducer
a. Kistler 603A transducer mounted in brass boss.
b. Pressure transducer assembly mounted on
detonation tube




PLATE &

b

Time of Arrival Transducer
a. PZT ceramic disc mounted in brass boss
b. Time of arrival transducer assembly mounted
on detonation tube.
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PLATE 10 Comparison of theoretical and experimental pressure histories.
(Position 1, vertical 50 psi/cm, horizontal 1 msec/cm)
a. Theory for inviscid and adiabatic flow
b. Theory including friction and heat transfer
c. Experimental result
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PLATE 11 Comparison of theoretical and experimental pressure histories
(Positions 2 and 4, vertical 50 psi/cm, horizontal 1 msec/cm)
a. Theory for inviscid and adiabatic flow
b. Theory including friction and heat transfer
c. Experimental result
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PLATE 12 Comparison of theoretical and experimental pressure histories
(Positions 3 and 5, vertical 50 psi/cm, horizontal 1 msec/cm)
a. Theory for inviscid and adiabatic flow
b. Theory including friction and heat transfer
c. Experimental result




PLATE 13 Comparison of theoretical and experimental pressure histories
(Position 6, vertical 50 psi/cm, horizontal 1 msec/cm)
a. Theory for inviscid and adiabatic flow
b. Theory including friction and heat transfer
c. Experimental result
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